One rhesus macaque displayed severe encephalomyelitis and another displayed severe enterocolitis following infection with molecularly cloned simian immunodeficiency virus (SIV) strain SIVmac239. Little or no free anti-SIV antibody developed in these two macaques, and they died relatively quickly (4 to 6 months) after infection. Manifestation of the tissue-specific disease in these macaques was associated with the emergence of variants with high replicative capacity for macrophages and primary infection of tissue macrophages. The nature of sequence variation in the central region (vif, vpr, and vpx), the env gene, and the nef long terminal repeat (LTR) region in brain, colon, and other tissues was examined to see whether specific genetic changes were associated with SIV replication in brain or gut. Sequence analysis revealed strong conservation of the intergenic central region, nef, and the LTR. However, analysis of env sequences in these two macaques and one other revealed significant, interesting patterns of sequence variation. (i) Changes in env that were found previously to contribute to the replicative ability of SWVmac for macrophages in culture were present in the tissues of these animals. (ii) The greatest variability was located in the regions between VI and V2 and from "V3" through C3 in gpl20, which are different in location from the variable regions observed previously in animals with strong antibody responses and long-term persistent infection. (iii) The predominant sequence change of D--N at position 385 in C3 is most surprising, since this change in both SIV and human immunodeficiency virus type 1 has been associated with dramatically diminished affinity for CD4 and replication in vitro. (iv) The nature of sequence changes at some positions (146, 178, 345, 385, and "V3") suggests that viral replication in brain and gut may be facilitated by specific sequence changes in env in addition to those that impart a general ability to replicate well in macrophages. These results demonstrate that complex selective pressures, including immune responses and varying cell and tissue specificity, can influence the nature of sequence changes in env.
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In addition to immunodeficiency, gastrointestinal and neurological disorders frequently accompany infection with human immunodeficiency virus type 1 (HIV-1). Wasting, diarrhea, and cachexia are common sequelae of HIV infection, and gastrointestinal tissues from AIDS patients often show pathologic abnormalities in the absence of bacterial, viral, or parasitic infections (17) . Neurological consequences not due to opportunistic infections or tumors, including AIDS encephalitis, neuropathy, meningitis, and myelopathy, are also frequent and devastating complications of HIV-1 infection (43, 48) . Demonstration of HIV expression in the gut (15) and brain (19, 48, 57) of affected individuals and the susceptibility of neural cell lines (7, 11) and intestinal epithelial cell lines (1, 14, 33) to HIV infection in vitro argue for a primary causative role for HIV in the neurological and gastrointestinal disorders in AIDS.
HIV is able to infect not only T lymphocytes but also cells of the monocyte/macrophage lineage. In fact, infection of macrophages is a unifying feature of all animal lentiviruses (20) , and the predominant cell type harboring HIV in tissues in many cases appears to be the macrophage, not the CD4+ lymphocyte (for a review, see reference 29) . The principal targets of HIV in the brain appear to be macrophage/microglial cells (27, 55, 57) . Most brain isolates exhibit the ability to * Corresponding author.
replicate in macrophages (8, 16, 28) , and microglial cells are particularly susceptible to macrophage-competent strains of HIV-1 in vitro (54) . The fundamental mechanisms underlying HIV-1 neuropathogenesis, however, remain to be elucidated.
The gastrointestinal tract is a putative site of entry for HIV. In the gut, HIV infects T lymphocytes and macrophages in the lamina propria (15) ; epithelial cells also appear to be targets in the gut (35) . Interestingly, colonic epithelial cells can be more productively infected in vitro with macrophage-competent strains of HIV-1 than with T-cell-tropic strains (33) . The identification of viral determinants governing HIV cell tropism is therefore important in understanding tissue-specific disease manifestations in AIDS. The genetic determinants for the ability of HIV-1 to replicate in macrophages have been mapped to the env gene by several investigators (21, 38, 49, 50, 56) . Biologically and genetically different strains of HIV with distinct cell tropisms appear to coexist in various tissues within infected individuals, and this heterogeneity may contribute to the clinical and pathological variability observed in HIV-1-infected individuals.
Simian immunodeficiency viruses (SIVs) are nonhuman primate lentiviruses that closely parallel HIV in genomic organization, gene sequence, and biological properties (for a review, see reference 9). We have been studying rhesus macaques experimentally infected with pathogenic molecularly cloned SIV in order to identify the molecular determinants of 6522 TISSUE TROPISM OF SIV 6523 cell and tissue tropism and the factors responsible for variability in disease manifestations. The infectious molecular clone SIVmac239 has been well characterized (34) , and its genome has been completely sequenced (44) . As with HIV infection in humans, the disease induced by SIVmac239 is heterogeneous in nature (23) . Disease manifestations resulting from SIVmac239 infection include CD4 depletion, opportunistic infections, generalized lymphoid depletion, granulomatous encephalitis and pneumonia, and enterocolitis.
The infectious pathogenic SIVmac239 molecular clone replicates well in lymphocytes but poorly in macrophages in culture (23, 31) . Pathologic findings in macaques infected with SIVmac239 vary from individual to individual, and it appears that tissue macrophage infection influences the nature of disease manifestations (10, 23) . Many SIVmac239-infected animals die with AIDS, characterized by profound CD4+ lymphocyte depletion and opportunistic infections, but they do so without major infection of tissue macrophages. However, in some animals (approximately 30%), highly macrophage-competent variants of SIV evolve during the course of infection. The evolution of variants that are able to replicate in macrophages (macrophage-competent variants) is associated with specific pathologic manifestations, i.e., granulomatous encephalomyelitis and giant cell pneumonia, in which infected macrophages are characteristic of the lesion (10) . SIV eni' sequences, like those of HIV-1, primarily determine the relative ability to replicate in the major target cells, i.e., macrophages and lymphocytes (2, 31) . Thus, the appearance of macrophagecompetent env variants in this system appears to be associated with tissue-specific disease manifestations.
Accumulating information suggests that the presence of macrophage-competent variants and tissue macrophage infection play a central role in tissue-specific disease manifestations in AIDS. One important question raised by these observations is the cause of individual variation in tissue-specific disease, whether macrophage-competent variants manifest their effects systematically or whether specific sequence changes over and above those that impart the ability to replicate in macrophages provide an enhanced ability of individual virus genotypes to replicate in selected tissues. As a first step toward addressing these issues, we report here the nature of sequence changes in different tissues of rhesus macaques that died after infection with cloned SIVmac239.
MATERIALS AND METHODS
Experimental infection of rhesus macaques. The SIVmac239 pathogenic molecular clone and its complete sequence have been described previously (34, 44) (Table 2 ). The nef LTR region was also well conserved in clones from the brain and lymph nodes of Mm316 and in clones from the colon of Mm132 (average nucleotide substitution, 0.27 to 0.54%) (Table 2). The parental SIVmac239 has an in-frame stop signal in the nef reading frame at codon 93 (44) . Twelve of 13 nef LTR clones derived from the brain and lymph nodes of Mm316 had a reversion of a stop codon to tyrosine by a point mutation of A to C ( Table 2 ). All of the colon-derived clones of Mml32 had a reversion of a stop codon to glutamic acid by a point mutation of T to G ( Table 2 ). The importance of a full-length nef for vigorous virus replication in rhesus macaques and for pathogenesis has been demonstrated previously (24) . The mutations in the central region and the nef LTR region were in general randomly distributed, and there were no predominant sequence changes that seemed to be associated with modified cell or tissue specificity (data not shown).
env sequence variation in brain of Mm316 and colon of Mm132. Ten full-length env clones from the brain of Mm316 (316BSS) and five full-length env clones from the colon of Mml32 (132COL) were sequenced ( Table 2 and Fig. 1 ). The average nucleotide substitution frequency relative to SIVmac239 was 0.54% for 316BSS clones and 0.73% for 132COL clones. Of the nucleotide substitutions, 82.4% in 316BSS and 76.8% in 132COL were nonsilent in that they changed the amino acid. Table 3 summarizes the frequencies of the various possible nucleotide substitutions in these 15 clones. High frequencies of G-*A and A->G substitutions were observed, as has been noted previously with SIV (6, 22, 40) and HIV (18, 'Reversion of in-frame stop codon TAA in the nief reading frame at codon 93 of parental SIVmac239 to coding codons in the tissue-derived clones.
Nucleotide substitutions that changed the amino acid in cny.
52).
A preference for C->T and T-*C transitions was also noted in both sets of clones. Furthermore, the sites of nucleotide transitions seemed to occur preferentially within particular dinucleotides ( (42, 46) , appear to depend upon local sequences both 5' and 3' to the substituted nucleotide. Base substitution in the HIV-l genome is also nonrandom and has also been reported to be affected by the local nucleotide sequence (12, 52).
As shown in Fig. 1 , the positions of cysteine residues were completely conserved in all 15 env clones of 316BSS and 132COL. Eight of the 10 clones of 316BSS and four of the five clones of 132COL were completely open, without in-frame stop codons or frameshifts. In the three clones with multiple in-frame stop codons in env (316BSS1, 316BSS4, and 132COL3), none occurred in the region of the transmembrane protein (gp4l), where they are seen in SIV adapted for growth in human cells (26) . The env-encoded proteins gp120 and gp41 of SIVmac239 contain 27 potential sites for N-linked glycosylation (N-X-S or N-X-T, where N is asparagine, S is serine, T is threonine, and X can be any amino acid except proline and probably tryptophan). These sites were well conserved in the 15 clones; however, two potential sites for N-linked glycosylation were abolished by altered sequences at position 146 of the 132COL clones and at position 158 of the 316BSS and 132COL clones.
Unlike the random scattered changes observed in vif, vpx, vpr, and nef, the predicted amino acid substitutions within the 15 complete eniv clones occurred at discrete positions or regions ( Fig. 1) . In previous studies, five discrete variable regions, VI (amino acids 115 to 142), V2 (188 to 202), V3 (371 to 376), V4 (404 to 426), and V5 (473 to 478), were identified in gpl20 in rhesus macaques persistently infected with SIVmac239 (6) (Fig. 1) . VI, V2, V4, and V5 of SIVmac239 correspond exactly to major regions of sequence variation in gpl20 of HIV-1 (51) . Interestingly, the variable positions in 316BSS and 132COL env clones did not correspond to variable regions identified in previous studies with SIVmac239 (6) or other SIV clones (22, 40) . The rhesus macaques used in previous studies of SIV variation had strong antibody responses and remained persistently infected for prolonged periods prior to the development of AIDS. Sequence variation in Mm316 and Mm 132, both of which died with a rapid course with little or no detectable free anti-SIV antibody, clustered at positions and in regions that were largely different from those found in previous studies ( Fig. 1) . One of the variable regions in the 316BSS and 132COL clones was located in the region between VI and V2. Sequence changes of 382G--R, 385D--N, and 388V-sA in both 316BSS and 132COL clones accumulated within a very narrow region corresponding to C3 in HIV-1. Also of interest is the fact that sequences corresponding to V3 of HIV-1 ("V3" in Fig. 1 ), which were not variable in previous SIV studies with SIVmac239 (6) and other SIV clones (22, 40) , varied significantly in 316BSS and 132COL env clones (Fig. 1 ). Selective mutations of Leu-320 in 132COL and Pro-334 in 316BSS were observed within "V3".
The gp4l of SIVmac239 was relatively more conserved than gpl20 in vivo. The proteolytic cleavage site between gpl20 and gp4l (53) and the fusion domain located at the N terminus of gp4l (4) were strongly conserved in both 316BSS and 132COL clones. A variable region in gp41 (amino acids 626 to 660; V6 in Fig. 1 ) identified in rhesus macaques persistently infected with SIVmac239 (25) was conserved in 316BSS and 132COL clones. Clones 1, 2, and 7 were the only three from the brain of Mm316 in which Lys-573 was changed to threonine (Fig. 1) . Interestingly, these were the only three clones from the brain of Mm316 in which proline 334 was not changed to arginine or leucine within V3. Similarly, only one clone from the colon of Mml32 (132COL3) showed the lysine 573 to threonine change, and this was the only clone which contained a Lys-320 to Val change within V3 (Fig. 1 ). This suggests that amino acids 320 and 334 in V3 and 573 in gp41 may be involved in some sort of cooperative interaction. The env reading frame overlaps tat exon 2, rev exon 2, and the N terminus of the nef coding region. A nucleotide change which converted Arg-751 to Gly in gp4l of 316BSS also resulted in changing a rev exon 2 amino acid from lysine to arginine. Otherwise, tat exon 2, rev exon 2, and the N terminus of the nef coding region were well conserved (data not shown).
Sequence changes at positions 67V-M and 382G-->R, previously shown to contribute to replicative ability in macrophages (31) , were present in all 15 clones (Fig. 1) . Sequence changes at 176K--E and 573K->T, also previously shown to contribute to replicative ability in macrophages (31) , were present in a portion of the clones from both animals. The 316BSS clones contained predominant sequence changes at some locations which were not detected in 132COL clones. Fig. 2A and B Most of the changes observed in the brain of Mm316 were also observed to a similar extent in the lymph nodes and lung of the same animal (Fig. 2) . However, the change of 178D-*N, observed in 7 of 10 clones from the brain, was observed in only two of nine clones from the lymph nodes and one of five clones from the lung (Fig. 2A) . Similarly, the change of 334P--L, observed in 5 of 10 clones from the brain, was not observed in any clones from lymph nodes or lung from the same animal (Fig. 2B) . Pro-334 was changed to Arg, Ser, or Thr in clones derived from the lymph nodes and lung from Mm316. Since only a limited number of clones were sequenced, mutationspecific hybridization was used to examine the brain specificity of the 334P->L change. Fragments of 350 bp spanning V3 were amplified from genomic DNA of the lymph nodes and brain of (Fig. 2) . The 178D->N change was observed in four of eight clones from the brain but was not in any other tissues of Mn352. 178D->N also predominated in the brain of Mm316 but was a minority sequence in other tissues from this animal ( Fig. 2A; see above) . 178D->N was not observed in any of the six clones analyzed from the SIVmac316 virus stock (31) . A change of 334P->L in V3 was not observed in any of the clones from Mn352. Therefore, the change of 334P->L, seen in 5 of 10 clones from the brain of Mm316, is not specifically associated with SIV in encephalitic brains. However, a different change at the same position, 334P-*S, was observed in a preponderance of clones from Mn352 (Fig. 2B) .
Most of the changes that were observed in the colon of Mm132 were also observed to a similar extent in the lymph nodes, lung, and PBMC of the same animal (Fig. 2) . Thus, specific sequence preferences were not observed within individual tissues of MmI32. In contrast to Mm316-and Mn352-derived clones, Leu-320 in V3 strongly converted to Ser in all tissue-derived clones from Mm132. Substitutions 146N->D and 345W->R were also observed specifically in tissues from Mm132 but not from the other two animals (Fig. 2) . Table 5 summarizes the major amino acid changes in gpl20 of the tissue-derived env clones and those of macrophagecompetent SIVmac316 and SIVmacl32 (31) isolated in culture. The major amino acid changes in gpl20 of SIVmac316 and SIVmacl32 were present in the tissue-derived clones from Mm316 and Mm132, respectively (Table 5) . However, some sequence changes that have not been associated previously with cell culture-isolated SIVmac316 and SIVmacl32 predominated in clones from the tissues of these animals. Furthermore, in contrast to the variation in V3 sequences in the tissue-derived clones, the V3 sequences of SIVmac316 and SIVmacl32 have been found to be identical to those of parental SIVmac239 (31) ( Table 5) .
The other striking feature of the tissue-derived env clones is the change at position 385 from D to N in the sequence GGDPE ( Fig. 1 and 2B The nature and location of sequence changes documented in the present study are very different from those described in previous studies of SIV variation with SIVmac239 (6, 25) (Fig.  1 ) or other clones of SIV (22, 40) . The sequence variations observed in this study accumulated predominantly in the regions between Vl and V2 and from V3 through C3. The differences in the locations of sequence variations in the present study are likely due to differences in the nature of the selective pressure driving genetic change. The macaques used in the previous studies had strong, stable immune responses and remained persistently infected for a prolonged period before the development of AIDS. A strong immune response is likely to be a major selecting force driving change in the persistently infected macaques (5) . Animals Mm316, Mm132, ever mounting a significant, detectable level of free anti-SIV antibodies. Therefore, in this study, selective pressures other than a strong immune response likely contributed to a very different pattern of env sequence variation.
One of the interesting features of the present study is the nature of sequence variation in V3. In the presence of a strong host immune response, the sequences in V3 in SIVmac239 were previously found to be quite conserved in persistently infected animals (6) . The V3 sequences of SIVsm and SIVmne have also been reported to be well conserved in vivo (22, 40) .
Mm316, Mn352, and Mm132 in this study had very weak antibody responses, and the env clones obtained from them revealed extensive changes within the V3 sequences. The V3 of HIV-2, which is more closely related to SIV than HIV-1, varies among field isolates (3) . It therefore seems that the V3 of SIV and HIV-2 may not be conserved, as previously thought, and may vary to a comparable degree from that observed in HIV-1.
The amino acid substitutions in V3 of the tissue-derived env clones in these studies were not random mutations; apparent selective pressure for a particular amino acid residue within V3 occurred at Pro-334 in Mm316 and Mn352 and at Leu-320 in Mm132 during the relatively short infectious course (4 to 6 months). V3 of HIV-1 is important not only as a neutralizing epitope (47) , but also in determining cell tropism (21, 50) . It has been reported that the V3 of SIV and HIV-2 do not constitute linear neutralizing epitopes, like that of HIV-1 (45) .
Recent work from our laboratories, however, indicates that SIVmac V3 is similar to HIV-1 V3 in determining cell tropism at the level of viral entry (24a, 30, 32) . In contrast to the tissue-derived env clones, the V3 sequences of macrophagecompetent SIVmac316 and SIVmacl32 isolated in culture from Mm316 and Mm132 were identical to those of parental SIVmac239 (31) ( in 316BSS clones with amino acid 573 in gp4l in the present study could also be due to cooperative effects. Alternatively, the changes at position 385 in SIV in tissues may allow entry into macrophages, at least as they exist in some tissues.
Thus, complex selective pressures, including immune responses, varying cell and tissue specificity, in vitro selection, and replicative capacity, appear to influence the nature of sequence changes observed in V3 and other regions of the SIV envelope. Further studies are needed, however, to demonstrate which sequence changes in env actually facilitate virus replication in particular cell types in vivo and contribute to tissue-specific disease manifestations.
